Introduction
Polarity complexes are important for axonal specification, dendrite development, and synaptic function by regulating actin dynamics through Rho GTPases (Arimura and Kaibuchi, 2007; Barnes and Polleux, 2009) . Recently, three conserved protein complexes have been identified to be important for establishing cellular polarity, the Crumbs complex [Crumbs/Pals-associated tight junction protein (Patj)/protein associated with Lin7 (Pals)], the Partitioning defective (Par) complex [Par3/Par6/atypical protein kinase C (aPKC)] and the Scribble (herein Scrib) complex [Scrib/ lethal giant larvae (Lgl)/discs large (Dlg)] (Wiggin et al., 2005) . Scrib, Lgl, and Dlg are tumor suppressors that interact genetically (Bilder et al., 2000) . Recent work shows that Scrib and Lgl2 interact biochemically (Kallay et al., 2006) and that Scrib influences Dlg localization in migrating astrocytes (Osmani et al., 2006) . As well, Scrib forms a complex with ␤-p21-activated kinase (PAK)-interacting exchange factor (␤-Pix), G-proteincoupled receptor kinase-interacting protein (Git1), and PAK (Audebert et al., 2004; Nola et al., 2008) , three proteins implicated along with Scrib in RhoGTPase signaling (Osmani et al., 2006; Zhan et al., 2008) .
Scrib contains 16 N-terminal leucine-rich repeats (LRRs) followed by four PDZ domains common to many scaffolding proteins (Bilder, 2003) . What is known to date about the function of Scrib in the synapse comes largely from studies on Drosophila. Scrib mutant flies show a redistribution of synaptic vesicles from the presynaptic zone, with more synaptic vesicles localized within the reserve pool and fewer found in the active zone (Roche et al., 2002) . These synapses show defects in vesicle recycling and in several forms of plasticity, including loss of facilitation and posttetanic potentiation (Roche et al., 2002) . In the mammalian synapse, Scrib is thought to regulate presynaptic vesicle localization downstream of ␤-catenin (Sun et al., 2009 ). Further, dominantnegative mutations in either Scrib or the Scrib-associating protein, ␤-Pix, a RhoGEF for Rac and Cdc42 (Bagrodia et al., 1998; Manser et al., 1998) , inhibit Ca 2ϩ -dependent exocytosis (Audebert et al., 2004) . Interestingly, the Scrib-associating proteins ␤-Pix, Git1, and PAK function together to regulate dendritic spine development through myosin II regulatory light chain (MLC) (Zhang et al., 2005) ; whether Scrib also functions postsynaptically within a ␤-Pix, Git1, and PAK complex remains to be tested.
In an effort to better understand the role of polarity proteins in the nervous system, we conducted a mass spectrometry (MS) screen with known polarity proteins to characterize their interacting partners. We identified a novel interaction between Scrib and the neuronal nitric oxide synthase (nNOS) adaptor protein (NOS1AP) [also known as C-terminal PDZ ligand of nNOS (CAPON)], a phosphotyrosine-binding (PTB) domain-containing protein implicated in schizophrenia (Brzustowicz et al., 2004) and long QT syndrome (Eijgelsheim et al., 2009) . We show Scrib functions as a scaffold to link NOS1AP with the ␤-Pix, Git1, and PAK proteins, and that NOS1AP influences Rac activation, leading to changes in dendritic spine morphologies, an event dependent on the PTB domain of NOS1AP. We speculate that the complex plays an important role in the synapse by regulating actin dynamics.
Materials and Methods
Mass spectrometry. For the targeted proteomic screen, a number of cDNAs for known polarity proteins were engineered to contain an N-terminal Flag-tag. We next generated stable cell lines in either BOSC or MDCK cell lines expressing either Flag-tagged Scrib, Lin7C, Lgl-1, AMOTL1, or AMOTL2 or Flag alone. Individual stable cell lines expressing Flag-constructs were grown to 70% confluence on eight 15 cm culture dishes. Cells were washed in PBS, and then lysed in NP40 lysis buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 10% glycerol, 1% NP40) with 10 mg/ml aprotinin, 10 mg/ml leupeptin, 1 mM PMSF, 20 mg/ml RNase, 1 mM DTT, and 1 mM orthovanadate. Lysates were spun at 100,000 ϫ g, and precleared with a 10% slurry (1 ml) of mouse agarose (Sigma) for 30 min at 4°C. The lysates were incubated with M2 agarose (Sigma) at 4°C for 2 h or overnight. Beads were washed three times in NP40 lysis buffer and resuspended in sample buffer. Endogenous Scrib or NOS1AP proteins were immunoprecipitated from homogenized rat brain lysate. Here, between two and five adult rat brains were homogenized in a Dounce homogenizer in NP40 lysis buffer (see above), the lysates were clarified at 100,000 ϫ g for 1 h at 4°C, then precleared with 500 l of a 10% protein A Sepharose mixture for 30 min at 4°C. Three microliters of either preimmune or immune antibody were added, and the samples were incubated overnight. One hundred microliters of a 10% protein A Sepharose slurry were added for 2 h at 4°C, and the pellets were washed three times and then resuspended in sample buffer. All samples were resolved on a 10% SDS-PAGE gel and stained with Colloidal Coomassie (Bio-Rad). Excised protein bands were digested according to the standard protocol and analyzed by liquid chromatography-mass spectrometry [HP 1100 HPLC System (Agilent) and either an LCQ-Deca or LTQ Mass Spectrometer (Thermo Fisher)]. The resulting MS/MS spectra were searched using the MASCOT program version 1.0 against Ensembl Databases (Human-Ensembl release 41, Dog-Ensembl release 42, RatEnsembl release 42). The results were further processed using the PeptideProphet and ProteinProphet (Nesvizhskii et al., 2003) algorithms. Hits that had a protein probability score Ͼ80% were retained. This score corresponds to an average estimated sensitivity of 73% and an error rate of 1.5% (for all immunoprecipitates analyzed, the ProteinProphet predicted sensitivity and error rates were averaged for the score of 80% protein probability). All reported hits are expressed as the human gene name for consistency, although Ensembl identifications are shown in supplemental Table 1 (available at www.jneurosci.org as supplemental material).
Constructs. See supplemental Table 2 (available at www.jneurosci.org as supplemental material).
Antibodies. The liprin-␣ and ERC1b antibodies were a kind gift from Dr. Thomas Südhof (University of Texas Southwestern Medical Center, Dallas, TX). The armadillo repeat gene deleted in velo-cardio-facial syndrome (ARVCF) antibody was a kind gift from Dr. Albert Reynolds (Vanderbilt University, Nashville, TN). The NOS1AP rabbit polyclonal antibody was raised against a GST-fusion protein encompassing the C terminus of rat NOS1AP 5Ј primer (TTTCCGAATTCCATGGGCTC-CCAG) and 3Ј primer (TTTCGAGTCGACCTACACGGCGATCTC). The Scrib rabbit polyclonal antibody was generated against a GST fusion of the C-terminal region of Scrib 5Ј primer (TTTCCAGGAATTCCCCT-TCTGGGCAGGCCCTCACCCGGC) and 3Ј primer (TTTAGAGTC-GACTGGTACCCTCTAGGAGGGCACAGGGCCCAG). The PAK1 polyclonal antibody was purchased from Cell Signaling Technology. ␤-Pix and nNOS antibodies were from BD Transduction Laboratories. The myc and Git1 antibodies were from Santa Cruz Biotechnology. The GFP polyclonal antibody was purchased from Abcam. The Flag M2 was purchased from Sigma. The Rac1 monoclonal antibody was contained in the Cell Biolabs Rac Activation Assay Kit.
Northern blot analysis. Total RNA (10 g) was isolated from rat tissues using the TRIzol reagent and separated on a 1% formaldehyde-agarose gel. RNA was then transferred to nylon membrane. To generate a NOS1APc-specific probe, we subcloned the NOS1APc-specific region of rat NOS1APc into the pSPORT vector using the following primers: 5Ј, TTTTCGAATTCTATGTTTGAGAATTG; 3Ј, GCGGCCGCGCTACT-CAAAGGACAG. A sense strand was labeled with [ 32 P]-dCTP using the Prime-It RmT random primer labeling kit (Stratagene). Hybridization was performed overnight at 65°C, with PerfectHyb Plus Hybridization Buffer (Sigma). Three posthybridization washes were subsequently performed at 65°C, using 2ϫ SSC containing 0.5% SDS. The blot was exposed to X-ray film in the presence of an intensifying screen for 3 d at Ϫ80°C to visualize the bands.
Mixing experiments. The GST fusion construct of the PTB domain was generated using the 5Ј primer TTTTCGGGGCGCGCCATGCCCAGC and the 3Ј primer TTTTTAATTAATTAGTCAATGTCGGT and cloned into a modified pGEX-4T2 vector (Smith et al., 2006) . Each of the PDZ domains of Scrib were subcloned in frame with EcoR1 and Sal1 restriction sites into either pGEX-4T3 or pPROEX HTc. GST or His fusion proteins were generated and purified using standard protocols. For mixing experiments with brain lysate, 2.5 g of purified GST, GST-PTB, or GST-PDZ1-4 was mixed with 5 g of total rat brain lysate. For the direct mixing experiments 2.5 g of purified GST or GST-PTB domain was mixed with 5 g of purified Scrib HIS-PDZ4, followed by three washes in NP40 lysis buffer. Proteins were then separated by SDS-PAGE, transferred, and probed with the appropriate antibody or stained with Coomassie.
Cell culture and transfections. HEK293T cells were grown in DMEM (Wisent) with sodium pyruvate, 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin (Wisent). Cells were transfected using a standard PEI protocol. To generate the stable Scrib knockdown cell line either a Scrib knockdown vector or control vector was transfected into HEK293T cells followed by puromycin (2 g/ml) selection. Scrib knockdown was confirmed by probing equal amounts of cell lysate with our Scrib antibody.
Immunoprecipitation. Mouse brains were homogenized in a Dounce homogenizer in NP40 lysis buffer at 1/10 (w/v) and supplemented with protease inhibitors. Lysates were then centrifuged at 100,000 ϫ g for 1 h. Cleared lysates were then incubated with different antibodies as outlined in the text, followed by a 1 h incubation with 100 l of a 10% slurry of protein A Sepharose or protein G Sepharose. The immunoprecipitations (IPs) were then extensively washed before the addition of SDScontaining sample buffer. Cultured cells were washed twice in cold PBS and suspended in 1 ml of NP40 lysis buffer, cleared, and immunoprecipitated as outlined above.
Hippocampal neuron culture and transfection. Hippocampal neurons were isolated from E18 rat embryos as previously reported (Krueger et al., 2003) . Dissociated hippocampal neurons were plated in 35 mm dishes containing 12 mm glass coverslips precoated in 0.05% (w/v) poly-L-lysine (Peptides International). Dissociated cells were plated at 40,000 cells per dish and grown in 2% B27 Neurobasal medium (Invitrogen) containing 2 mM L-glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin (Wisent) for 13-15 d in vitro (DIV) and then transfected using a CaPO 4 method (Krueger et al., 2003) with cDNA constructs encoding yellow fluorescent protein (YFP), YFP-NOS1AP, YFP-NOS1AP PTB, or YFP-NOS1AP⌬PTB.
Immunofluorescence and image quantification. For cell staining, cells were washed twice in PBS before fixation in 4% paraformaldehyde (PFA) containing 4% sucrose. Cells were then stained as outlined by Krueger et al. (2003) . For imaging dendritic protrusions, cells were fixed in 4% PFA containing 4% sucrose 24 h after transfection and imaged on an inverted Leica CTR6000 with a Hamamatsu camera using a 63ϫ oil objective. Three different neurites were used for each neuron counted with a minimum of 17 neurons counted in each condition that included at least three replicate experiments. For each neurite, the number of processes extending from a 50 m segment was counted. Any process extending at least 0.1 m from the neurite was counted. Both datasets were pooled, and a t test was used to assess significance between the different treatments.
Rac activation assay. The Rac activation assay was performed according to the manufacturer's protocol (Cell Biolabs). Briefly, HEK293T cells were transfected as above, left overnight, and then incubated in serum-free medium for an additional 24 h. The serum-free medium was then changed to serum-containing medium for 10 min. A positive control GTP␥S was performed, and the pull-down of activated Rac using the PBD domain of PAK1 was also performed using the manufacturer's protocol.
Results
Scrib protein complexes identified in mass spectrometry screen Protein-protein complexes play an important role in cellular polarity, including neuronal polarity and, more specifically, the development of the synapse. To better characterize the nature of these protein-protein complexes, we conducted a proteomic screen with a number of known polarity proteins. For results of the full screen, see supplemental Figure 1 and Table 1 (available at www.jneurosci.org as supplemental material).
In our initial screen using BOSC cells stably expressing Flag-tagged Scrib, in which Scrib was precipitated and associating complexes were identified by MS (see Materials and Methods), we noted that Scrib associated with a number of proteins implicated in the nervous system (supplemental Fig. 1 , Table 1 , available at www.jneurosci.org as supplemental material). After this initial analysis, we performed pull-down experiments using rat brain lysate followed by MS. Combining the results from these two screens (Fig. 1 A; supplemental Fig. 1 , Table 1 , available at www. jneurosci.org as supplemental material), a number of known Scribbinding partners were identified, including ARHGEF7 (␤-Pix), Git1 (Audebert et al., 2004) , PAK1 (Nola et al., 2008) , and ARVCF protein, a member of the p120 catenin family that participates in the formation of adherens junction complexes (Tonikian et al., 2008) (Fig. 1 A) . We also identified Git2, ARHGEF6 (␣-Pix), PPFIA3 (liprin ␣-3), ERC1 [also known as ELKS-Rab6-interacting protein (Erc1b)], nitric oxide synthase (NOS1), and ␣-N-catenin (CTNNA2). In addition, we found a number of peptides for the NOS1 adaptor protein NOS1AP, also known as CAPON (herein NOS1AP) (Fig. 1A) . We also identified a number of cytoskeleton proteins, as well as proteins implicated in regulating RNA, DNA, and protein synthesis, and cell cycle regulation (see supplemental Table  1 , available at www.jneurosci.org as supplemental material).
NOS1AP binds Scrib-associated proteins and novel interacting proteins
One of the more interesting proteins identified in the Scrib screen was the nitric oxide synthase adaptor protein NOS1AP ( Fig. 1 A, E) . NOS1AP has been identified as a susceptibility gene for schizophrenia (Brzustowicz et al., 2004) , and more recently has been linked to long QT syndrome (Arking et al., 2006; Eijgelsheim et al., 2009 ), a congenital heart condition. NOS1AP contains an N-terminal PTB domain, which is important for its association with dexRAS (Fang et al., 2000) , a Ras homolog, and the synaptic vesicle-associated protein, synapsin 1 (Jaffrey et al., 2002) . Since Scrib and NOS1AP interact, and NOS1AP has previously been shown to play a role in the CNS (Jaffrey et al., 2002; Sun et al., 2009 ), we analyzed NOS1AP-associating proteins to gain insight into the functional connection between Scrib and NOS1AP. Therefore, we conducted a proteomic screen to identify NOS1AP-interacting proteins from rodent brain lysate, which identified the previously known NOS1AP-associated protein, nNOS (also known as NOS1) (Jaffrey et al., 1998 ). Here we identified novel NOS1AP-associating proteins including ARHGEF6 (␣-Pix), ARHGEF7 (␤-Pix), Git1, PAK3, DPYSL2 (CRMP2), and NSF (Fig. 1B) .
To confirm that particular Scrib-and NOS1AP-associating proteins identified by MS were both specific and reproducible, we precipitated either endogenous Scrib (Fig. 1C, E, F ) or NOS1AP (Fig. 1 D-F ) and their associated proteins from rodent brain lysate. The resulting IPs were probed with a number of antibodies specific for the proteins identified in the initial proteomics screen. We confirmed that endogenous ␤-Pix, Git1, Erc1b, liprin-␣, ARVCF, nNOS, and NOS1AP were all Scribassociated proteins (Fig. 1C,E,F) . Further, we confirmed that endogenous ␤-Pix, Git1, and nNOS proteins were specifically precipitated with NOS1AP (Fig. 1D,E) . Although we identified PAK3 peptides in the proteomic screen, we also determined that PAK1 could precipitate with NOS1AP using PAK1-specific antibodies (Fig. 1D) , suggesting that more than one PAK protein can associate with NOS1AP. Together, these data support the results of the MS analysis.
Scrib also associates with a novel NOS1AP isoform
We confirmed that endogenous NOS1AP and Scrib proteins coprecipitated from rat brain lysate (Fig. 1F) . Of interest, in addition to the expected 70 kDa NOS1AP protein, the NOS1AP reprobe revealed a slower migrating band (ϳ100 kDa) that was also present in the Scrib IP, suggesting either a cross-reacting band or a novel NOS1AP isoform (Fig. 1F , lower gel, upper band). We therefore reexamined the gel image from the Scrib IP used in the proteomic screen, and noted that the band identified as NOS1AP resolved at a molecular weight of ϳ100 kDa (data not shown). Based on the peptides identified in this band, the MASCOT search predicted two protein sequences, one being NOS1AP, which normally runs at 70 kDa, and the other a novel sequence for a 30 kDa protein. We noted that both protein sequences together could account for the 100 kDa sized protein. To test this possibility, we merged full-length Rattus NOS1AP and the novel 30 kDa predicted protein and subjected this novel protein to a BLAT search (http://genome.ucsc.edu/ cgi-bin/hgBlat? commandϭstart). We were able to generate a unique protein that mapped onto chromosome 13 within the appropriate genomic locus for Rattus NOS1AP. Further, we were able to identify exon and intron boundaries consistent with a novel NOS1AP isoform (herein NOS1APc) (Fig. 1F,G) . To determine the sequence of the junction region between NOS1AP and the novel NOS1AP isoform, we PCR amplified a product from rat brain cDNA using a primer specific to the last exon in the existing NOS1AP isoform and a primer in the first exon of the novel NOS1AP isoform. We then sequenced this product and determined the sequence of the overlap region between NOS1AP and the novel region of the isoform; this confirmed the existence of this novel isoform (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material) (NCBI accession #GU827476). To determine the expression of this isoform in different tissues, we performed a Northern blot using the unique region as a probe (Fig. 1G) . A band migrating around 7 kb was seen in a number of tissues, including the brain (Fig.  1H ). Together these data suggest that Scrib and NOS1AP interact, and that we have identified a novel NOS1AP isoform. We have chosen to name this novel isoform NOS1APc. To date, two isoforms of NOS1AP have been identified. The original isoform CAPON (Jaffrey et al., 1998) has also been termed NOS1AP or NOS1AP-L (Carrel et al., 2009) . As well, a short isoform containing the last two exons of the NOS1AP gene with a unique 5Ј sequence is known as NOS1AP-S (Xu et al., 2005) . Since our isoform is longer than the originally identified NOS1AP/CAPON/NOS1AP-L isoform, and since it is the third isoform to be described, we have called it NOS1APc.
The fourth PDZ domain of Scrib directly associates with the PTB domain of NOS1AP Since we found that endogenous Scrib and NOS1AP can form a complex, we investigated the precise nature of the interaction between these proteins. First we confirmed that Scrib and NOS1AP could interact by expressing tagged versions of both proteins in HEK293T cells (Fig. 2 A) . Next we generated deletion mutants of both NOS1AP and Scrib. Since Scrib contains four PDZ domains and NOS1AP contains a C-terminal PDZ binding motif, we explored whether this C-terminal region in NOS1AP is required for its association with Scrib. To pursue this possibility, we destroyed the C-terminal PDZ binding motif of NOS1AP by deleting the last 5 aa, but found that this NOS1AP mutant was still able to interact with Scrib (Fig. 2 B) . Since the C-terminal PDZ binding motif of NOS1AP was not essential for its interaction with Scrib, we next focused on the other major proteininteraction domain identified in NOS1AP, the N-terminal PTB domain. We generated a construct of the N terminus of NOS1AP containing the PTB domain fused in frame with YFP (YFP-NOS1AP PTB), and then cotransfected this construct with myc-Scrib into HEK 293T cells. Using GFP antibody, we precipitated the PTB domain of NOS1AP and found that it coprecipitated with myc-Scrib (Fig. 2C) . Conversely, a NOS1AP construct lacking the PTB domain (YFP-NOS1AP⌬PTB) was not able to interact with Scrib (Fig.  2 D) . To more directly test whether the PTB domain of NOS1AP was sufficient to precipitate Scrib, we generated a GST-fusion construct to the N-terminal region of NOS1AP containing the PTB domain, which we expressed in bacteria. The recombinant protein was then purified and mixed with rat brain lysate (Fig.  2 E) . Unlike GST alone, the GST-PTB fusion was sufficient to precipitate endogenous Scrib, indicating that the PTB domain of NOS1AP is indeed both necessary and sufficient to interact with Scrib.
To investigate the region of Scrib that interacts with NOS1AP, we generated Scrib deletion constructs, which lack the C-terminal region, various PDZ domains, and LRRs. Using these mutants, we found that the fourth Scrib PDZ domain was necessary for the interaction with NOS1AP (Fig. 2F,H) , and that a construct lacking the LRRs and PDZ domains 1-3 was nonetheless sufficient for binding to NOS1AP (Fig. 2F) . To more directly test whether the fourth PDZ domain of Scrib was sufficient to precipitate NOS1AP, we expressed the individual PDZ domains of Scrib as GST-fusion proteins. The recombinant proteins were then purified and mixed with rat brain lysate. Unlike GST, GST-PDZ1, or GST-PDZ2, GST-PDZ4 was sufficient to precipitate endogenous NOS1AP (Fig.  2G,H) . We also noted some interaction with GST-PDZ3, suggesting that this domain may also interact with NOS1AP. Together this suggests that the fourth PDZ domain of Scrib is sufficient to bind NOS1AP.
Previously, a direct interaction has been reported between the PTB domain of the p72 kDa isoform of NUMB and the first PDZ domain of LNX (Nie et al., 2004) . To test whether the PTB domain of NOS1AP could interact directly with the fourth PDZ domain of Scrib, we expressed the PTB domain as a purified GST fusion protein and mixed this with purified Histagged PDZ4 of Scrib. Unlike GST alone, the GST-PTB domain was able to precipitate His-PDZ4, suggesting that these two proteins directly interact (Fig. 2I ). Together these data suggest that NOS1AP and Scrib associate with one another, and that the PTB domain of NOS1AP and the fourth PDZ domain of Scrib mediate this interaction.
Since a recent publication reported that NOS1AP associates with carboxypeptidase E (CPE) (Carrel et al., 2009 ), we next wanted to test whether CPE was part of the NOS1AP-Scrib pathway. To test this, we coexpressed YFP-NOS1AP PTB along with Flag-CPE, then precipitated YFP-NOS1AP PTB and probed for Flag-tagged CPE. We found no association between the PTB domain of NOS1AP and CPE, suggesting that CPE likely functions in a separate pathway from the NOS1AP-Scrib pathway (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material).
NOS1AP associates with ␤-Pix and Git through Scrib
Since we identified ␤-Pix and Git1 in our NOS1AP MS screen, and ␤-Pix has been shown to bind directly to Scrib (Audebert et al., 2004) , we next tested whether Scrib was important in bridging an interaction between NOS1AP on the one hand and ␤-Pix and Git1 on the other. To test this possibility, we cotransfected ␤-Pix and NOS1AP in the presence or absence of Scrib. Only in the presence of Scrib were we able to see an association between ␤-Pix and NOS1AP (Fig. 3 A, B) . Since ␤-Pix has been shown to bind Scrib directly through a PDZ binding motif (Zeniou-Meyer et al., 2005) , we mutated the last 3 aa of ␤-Pix to alanines to test the effects of destroying this PDZ domain recognition sequence. The ␤-PixAAA mutant was not able to associate with NOS1AP even in the presence of Scrib, although we still detected an interaction between NOS1AP and Scrib in the same assay (Fig. 3C,D) . This confirms the role of Scrib as a scaffolding protein that connects NOS1AP with ␤-Pix. To determine whether Git1 associates with NOS1AP, through both Scrib and ␤-Pix, we tested whether Git1 could precipitate with NOS1AP and Scrib in the absence of ␤-Pix. As predicted from this model, Git1 coimmunoprecipitated with NOS1AP only in the presence of both Scrib and ␤-Pix (Fig. 3E) . To test the endogenous role of Scrib in bridging an interaction between NOS1AP and Git1, we used shRNA to reduce endogenous Scrib levels in 293T cells. Following knockdown of endogenous Scrib levels, we immunoprecipitated NOS1AP and noted a reduction in Git1 association (Fig. 3F ) compared to a control cell line. Finally, since Git1 and ␤-Pix have been shown to influence the RhoGTPase, Rac1 (Zhang et al., 2005) , we tested whether Scrib knockdown would influence the activation of Rac1. To this end, we noted a reduction in activated Rac in Scrib knockdown cells (Fig. 3G) , similar to results obtained in MCF-10A cells (Zhan et al., 2008) . Together these data suggest that Scrib functions to bridge an interaction between NOS1AP and the ␤-Pix, Git1, PAK complex (Fig. 3F ) , and that Scrib plays a role in regulating RhoGTPase activity.
NOS1AP and Scrib localize presynaptically
Previously, ␤-Pix and Git1 have been shown to precipitate with Scrib, and it has been suggested that this complex may play a functional role in vesicle dynamics and release in neurons (Audebert et al., 2004) . However, the functional mechanism and significance of this complex remains unknown. Interestingly, our screen identified a number of Scrib-associating proteins that are important for synaptic vesicle dynamics, and the development of synaptic active zones, these include Git1, liprin-␣, and Erc1b (Schoch and Gundelfinger, 2006) . In addition, we identified a peptide in our Scrib IP for the presynaptic scaffold Piccolo (Kim et al., 2003) , although this peptide was below the level of significance used in our screen (supplemental Table 1 , available at www.jneurosci.org as supplemental material). Further work will determine whether Piccolo associates with Scrib. Nonetheless, Git1 has been shown to bind directly to liprin-␣ (Schoch and Gundelfinger, 2006) and Piccolo (Kim et al., 2003) , while liprin-␣ in turn associates directly with Erc1b (Schoch and Gundelfinger, 2006) . This complex of proteins is important for the development of the CAZ, a region implicated in defining neurotransmitter release sites and regulating synaptic vesicle release (Ko et al., 2003b; Schoch and Gundelfinger, 2006) . As well, recent work has shown a role for Scrib downstream of ␤-catenin in clustering synaptic vesicles in the developing synapses (Sun et al., 2009) . Consistent with these results, we see endogenous Scrib staining in punctate structures in axons (Fig. 4 A) that partially colocalizes with the synaptic vesicle marker VAMP (Fig. 4 A-C) , indicating that Scrib associates with either synaptic vesicles or other transport vesicles, including Piccolo-Bassoon transport vesicles. To more directly test whether Scrib associates with a synaptic vesicle pool at presynaptic specializations, we cotransfected cDNA constructs encoding Scrib, fused in frame with YFP, and the presynaptic vesicle marker synaptophysin, fused in frame with red fluorescent protein (RFP), into dissociated hippocampal neurons that had previously been grown for 14 DIV. Analysis revealed colocalization between YFP-Scrib and RFP-synaptophysin (Fig. 4 D-F, arrows) . Together these data suggest that endogenous Scrib localizes to presynaptic vesicles, consistent with our endogenous Scrib staining [ Fig. 4 A and Sun et al. (2009)] . Since NOS1AP interacts with the synaptic vesicle-associating protein synapsin1 (Jaffrey et al., 2002) , we investigated whether NOS1AP is distributed in presynaptic compartments along with Scrib. Since both our Scrib and NOS1AP antibodies were raised in rabbits, we turned to overexpression studies to determine whether Scrib and NOS1AP could colocalize presynaptically. We cotransfected dissociated rat hippocampal neurons with constructs encoding YFP-NOS1AP, CFP-Scrib, and RFP-synaptophysin. We saw colocalization of all three markers, supporting the notion that NOS1AP and Scrib could play a role presynaptically (Fig. 4G-J, arrows) . Together with our results showing that Scrib associates with presynaptic proteins, these localization data suggest that NOS1AP localizes with Scrib to presynaptic specializations, where it may play a role in synaptic vesicle dynamics and active zone formation.
NOS1AP and Scrib localize in dendrites, dendritic spines, and synapses
We have identified a scaffolding complex for NOS1AP that includes Scrib, ␤-Pix, Git1, and PAK proteins. Of these, ␤-Pix, Git1, and PAK proteins are important in the postsynaptic region and in regulating dendritic spine development (Wiggin et al., 2005; Zhang et al., 2005) . In addition, nNOS, a protein previously identified as a NOS1AP-associating protein, has been shown to localize in the postsynaptic region (Watanabe et al., 2003) . Since these data implicate a potential postsynaptic role for NOS1AP and Scrib, we tested whether these proteins could localize to dendritic spines. To determine whether endogenous Scrib and NOS1AP localize to dendritic spines, we stained 15-16 DIV dissociated hippocampal neurons with either an anti-Scrib antibody or anti-NOS1AP antibody. Interestingly, endogenous Scrib staining revealed, in addition to the punctate stain in axons (Fig. 4 A) , punctate staining surrounding cell bodies and dendrites (Fig. 5A-D) . Since dendritic spines are enriched for actin, we costained our cultured neurons with phalloidin, a marker of actin. Here we saw clear colocalization between Scrib and actin in dendritic spines (Fig. 5B-D) . Interestingly, a punctate stain was seen with our NOS1AP antibody. Here NOS1AP partially colocalized with the synaptic vesicle protein synaptophysin (Fig. 5E-G) . To show colocalization in dendritic spines, we cotransfected mature hippocampal neurons with YFP-NOS1AP and myc-Scrib. We found a clear colocalization of these proteins in dendritic shafts (Fig.  5H-J, arrowheads) , dendritic spines, and spine heads (Fig. 5H-J,  arrows) . To confirm the localization of NOS1AP in dendritic spines, we cotransfected our dissociated hippocampal neurons with YFP-NOS1AP and mCherry-actin, since actin is enriched in dendritic spine heads and colocalized with endogenous Scrib (Fig. 5B-D) . This analysis showed colocalization of YFP-NOS1AP and actin in spine heads (Fig. 5K-M, arrows) , supporting the notion that NOS1AP is found in dendritic spines. Together, these data suggest that NOS1AP and Scrib proteins can localize postsynaptically in dendritic spines.
NOS1AP overexpression leads to increases in dendritic protrusions and activates Rac through its PTB domain
Since endogenous Scrib and NOS1AP localize to dendritic spines, and we have linked NOS1AP with proteins important for regulating dendritic spine morphology, namely the RhoGEF ␤-Pix and its associated proteins Git1 and PAK through the Scrib scaffold, we next investigated whether NOS1AP had an effect on dendritic spine morphology. For this purpose, we overexpressed either YFP or YFP-NOS1AP in dissociated hippocampal neurons that had been cultured for 13 DIV (Fig. 6A,B) . Twenty-four hours after transfection, we detected a 30% increase in the number of dendritic protrusions in the YFP-NOS1AP-transfected neurons (Fig. 6E) .
␤-Pix, Git1, and PAK function to regulate dendritic spine morphology through the Rac GTPase (Zhang et al., 2003 (Zhang et al., , 2005 . Since NOS1AP associates with ␤-Pix, Git1, and PAK through Scrib, we considered the possibility that NOS1AP could influence the activation of the Rho family GTPases. To test this possibility, we overexpressed NOS1AP in HEK293T cells and investigated the effect on the level of GTP-bound Rac. In YFP-NOS1AP-expressing cells, we saw an increase in active GTP-bound Rac compared to cells expressing YFP alone (Fig. 6 F, G) . Since we have shown that the N-terminal region containing the PTB domain of NOS1AP is sufficient for association with Scrib, and Scrib is important to connect NOS1AP with the RhoGEF protein ␤-Pix, we next tested whether expressing the PTB domain of NOS1AP could activate Rac, and found that this was the case (Fig.  6 F, G) , suggesting that this region plays an important role in regulating RhoGTPase activity. Further, expression of the PTB domain in dissociated hippocampal neurons showed a 35% increase in the number of dendritic protrusions, while a NOS1AP mutant lacking the PTB domain (YFP-NOS1AP⌬PTB) had no effect, suggesting that the PTB domain is sufficient to elicit a response (Fig. 6C,D) . Together, these data suggest that the PTB domain of NOS1AP is sufficient to increase the number of dendritic protrusions and leads to an increase in Rac activity, likely through an effect on the Scrib, ␤-Pix, Git, and PAK complex.
Discussion
Our study indicates that NOS1AP influences Rac activation through a Scrib complex to regulate synapse formation. We identified a unique interaction between the NOS adaptor protein, NOS1AP, and the polarity protein Scrib through a targeted proteomic screen. Scrib contains a number of signaling domains, including LRR and four PDZ domains, and we show that the fourth PDZ domain of Scrib interacts with the PTB domain of NOS1AP. We note that the N-terminal region of NOS1AP containing the PTB domain was both sufficient and necessary to precipitate Scrib protein, implicating its importance for the NOS1AP-Scrib interaction. Further, we show a direct interaction between the PTB domain of NOS1AP with the fourth PDZ domain of Scrib. To our knowledge, this is the second description of this unique interaction between a PTB and PDZ domain. Previously, the PTB domains of the p72 and p66 isoforms of the cell fate determinant protein NUMB have been reported to be necessary for an interaction with the first PDZ domain of the E3 ubiquitin ligase protein LNX (Nie et al., 2004) , supporting the notion that this type of interaction does occur. Interestingly, the PTB domain of NOS1AP is most similar to the PTB domain of mouse Numb (Jaffrey et al., 2002) , suggesting that the PTB domain of NOS1AP may have a similar fold. The association of the p72 NUMB PTB domain with the PDZ domain of LNX is dependent on three critical lysine residues within an 11 aa insertion between the ␣-helix A2 and ␤-strand B2 (Nie et al., 2004) . Alignments of the NOS1AP PTB domain and the p72 NUMB PTB domain fail to show the 11 aa insert between the ␣-helix A2 and ␤-strand B2; however, there is an 11 aa insert in the NOS1AP PTB domain that contains a number of lysine residues between the ␤-strands B3 and B4. Whether this insert region is critical for the association between NOS1AP and Scrib remains to be determined. Nonetheless, the unique interaction identified here suggests that PTB-PDZ domain interactions may be more common than previously supposed, especially in the context of the polarity network.
In our proteomic screen, we identified ␤-Pix, Git1, and PAK as associating proteins with Scrib, supporting previous studies (Audebert et al., 2004; Nola et al., 2008) , and with NOS1AP. Further, we show that Scrib functions as a bridge between NOS1AP and the ␤-Pix, Git1, and PAK complex. This is consistent with a role for Scrib as a multifaceted scaffolding protein. PDZ domain-containing proteins commonly function to scaffold multiple protein complexes (Tonikian et al., 2008) , and in the nervous system, PDZ-containing proteins are especially important to scaffold complexes important for the development and function of the synapse (Feng and Zhang, 2009 ). In addition to PDZ domain-containing proteins, recent evidence suggests that LRR-containing proteins also function as important regulators of synaptic function (Ko and Kim, 2007; Linhoff et al., 2009; Woo et al., 2009 ). Here, we suggest that Scrib is an organizing protein that functions to localize NOS1AP, ␤-Pix, Git1, and PAK at the synapse. Consistent with a role for Scrib as a major presynaptic scaffold a number of proteins identified in our screen function in the CAZ (Schoch and Gundelfinger, 2006) . These include ␤-Pix, Git1, liprin-␣, and Erc1b (Zhen and Jin, 1999; Dai et al., 2006; Schoch and Gundelfinger, 2006) . As well, a recent report has shown that Scrib functions downstream of ␤-catenin to localize synaptic vesicles in the developing synapse, implicating Scrib in the organization of the presynaptic region (Sun et al., 2009 ). Here we show that both NOS1AP and Scrib localize presynaptically (Fig. 4) , moreover NOS1AP has been shown to bind synapsin1 (Jaffrey et al., 2002) , an important phosphoprotein involved in linking synaptic vesicles and the actin cytoskeleton to regulate vesicle dynamics (Bloom et al., 2003) . This suggests that NOS1AP may play an important role with Scrib in the development of the presynaptic region. In addition to the presynaptic localization, endogenous Scrib and NOS1AP are enriched in dendritic spines (Fig. 5) , and many of the Scrib-associating proteins also function in the postsynaptic compartment. For example, liprin-␣ localizes postsynaptically and functions with Git1 (Ko et al., 2003a) in the trafficking of AMPA receptors (Wyszynski et al., 2002; Ko et al., 2003a) . ␤-Pix, Git1, and PAK function together to regulate dendritic spine morphology through MLC (Zhang et al., 2003 (Zhang et al., , 2005 . Consistent with a scaffold function for Scrib, we find that both Scrib and its associating protein NOS1AP colocalize in both presynaptic and postsynaptic regions.
Functionally, many of the proteins identified in our proteomic screen as Scrib-and NOS1AP-associating proteins have been implicated in regulating dendritic spine morphology. Here we show that overexpression of NOS1AP leads to an increase in dendritic protrusions, a role dependent on the N-terminal region containing the PTB domain of NOS1AP. Recent evidence increasingly suggests that polarity proteins function in regulating spine morphology by regulating Rho GTPase signaling. For example, Par3 functions through the Rac GEF, Tiam1, to regulate the maturation of dendritic spines (Zhang and Macara, 2006) , while Par6 and aPKC function through a Rho-dependent mechanism to regulate spine morphology independently of Par3 (Zhang and Macara, 2008) . In our study, we show that overexpression of NOS1AP or the PTB domain in non-neuronal cells influences Rac activity. This raises the question of how NOS1AP might influence Rac activity to affect dendritic spine development. One possibility is that the NOS1AP-Scrib association may affect nitric oxide (NO) signaling to regulate spine development, since NO signaling is known to modify spine morphology (Nikonenko et al., 2008; Steinert et al., 2008) . However, this possibility seems unlikely since the NOS1AP PTB domain, which is not coupled to NOS, is the critical region in NOS1AP affecting spine development. Another possibility is that NOS1AP functions with CPE to regulate dendritic spines, since CPE has been shown to regulate dendrite patterning in immature hippocampal neurons (Carrel et al., 2009) . This is unlikely, however, since the region found to affect spine development in this study fails to associate with CPE. Rather, we speculate that NOS1AP induces or stabilizes a Scrib, ␤-Pix, Git1, PAK complex, leading to an increase in Rac activity. This is consistent with previous studies showing that a complex of Scrib, ␤-Pix, Git1, and PAK can be regulated, leading to an increase in Rac activity (Zhan et al., 2008) . Further, Circletailed mutant mice, which contain a spontaneous mutation in Scrib, show a reduction in the number of dendritic spines found in the adult hippocampus, supporting the role of Scrib in dendritic spine development (M. Moreau and N. Sans, personal communication). Finally, we cannot rule out that NOS1AP may recruit an associating protein that can regulate the GEF activity of ␤-Pix. Indeed signaling complexes upstream of ␤-Pix, Git1, and PAK can regulate ␤-Pix GEF activity, leading to increased Rac activity and spine development (Saneyoshi et al., 2008) .
In summary, we have conducted a proteomic screen with a number of known polarity proteins and identified several unique interactions, including a novel link between Scrib and a PTBcontaining protein NOS1AP. Their association is dependent on the N-terminal region containing the PTB domain of NOS1AP and the fourth PDZ domain of Scrib. Our results suggest that NOS1AP and Scrib associate and are involved in the synapse, both presynaptically and postsynaptically. Interestingly, a NOS1AP isoform lacking the N-terminal region that includes the PTB domain, NOS1AP-S, is upregulated in families with bipolar disorder and schizophrenia (Xu et al., 2005) . Since schizophrenia is a disease affecting the synapse (McGlashan and Hoffman, 2000) , our data, combined with the effects on NOS1AP on dendritic patterning (Carrel et al., 2009) , may shed new light on the role NOS1AP plays in disease states.
